Aim-Carbamylation of proteins through reactive cyanate has been demonstrated to predict an increased cardiovascular risk. Cyanate is formed in vivo by break-down of urea and at sites of inflammation by the phagocyte protein myeloperoxidase. Since myeloperoxidase (MPO) associates with high-density lipoprotein (HDL) in human atherosclerotic intima, we examined in the present study whether cyanate specifically targets HDL.
Introduction
There is a consensus that atherosclerosis represents a state of heightened oxidative stress characterized by lipid and protein modifications in the vascular wall (31) . LDL and HDL are prone to be modified in atherosclerotic lesions, but there is considerably less known about the role of HDL modifications in atherogenesis. Increasing evidence suggests that endogenously generated aldehydes are involved in pathophysiologies associated with cardiovascular diseases such as atherosclerosis (33;36) . Recent observations demonstrated that HDL isolated from subjects with cardiovascular disease is dysfunctional and shows proinflammatory activities (3;26;39) , indicating that dysfunctional HDL is involved in the pathogenesis of atherosclerosis.
Functional impairment of proteins through carbamylation is of particular relevance as clinical studies have shown that carbamylated proteins (measured as plasma levels of protein-bound carbamyllysine) are independent risk factors for development of coronary artery disease, future myocardial infarction and stroke (37) . Proteins are carbamylated through cyanate (OCN − ), a reactive nucleophile that irreversibly transforms lysine to ε-amino-carbamyllysine, also know as homocitrulline. One potential major enzymatic source for OCN − generation within human atheroma is the heme protein myeloperoxidase (MPO) (37) . MPO utilizes hydrogen peroxide in the presence of the preferred substrate thiocyanate to generate OCN − . In line with this observation previous immunohistochemical data showed that polymorphonuclear neutrophils and monocytes, MPO-rich cells, are markedly enriched with carbamylated proteins (12) .
OCN − is also a decomposition product of urea. This is particularly relevant in renal disease, where plasma concentrations of urea and carbamylated proteins increase (27) . Notably, carbamylated LDL was shown to be the most abundant LDL modification found in human plasma (2) . Moreover, in a mouse model of renal disease, the oral administration of urea increased carbamylated LDL significantly resulting in more severe atherosclerosis (1) . However, there is very little information available about the vulnerability of HDL to carbamylation: with only one study reporting that carbamylation decreases anti-apoptotic activities of HDL (37) .
We could previously demonstrate that proteins oxidized by hypochlorous acid (specific oxidation products of the MPO/H 2 O 2 /Cl − system) localize with apoA-I in the human atheroma (19) . Subsequently, it was found that 3-chlorotyrosine (a specific fingerprint of the MPO/H 2 O 2 /Cl − system) is enriched on lesion-derived HDL indicating that MPO selectively targets HDL for oxidative modification in atherosclerotic lesions (4;11;18;19;39) . We therefore hypothesized that MPO-H 2 O 2 -thiocyanate derived OCN − specifically targets HDL in atherosclerotic lesions, thereby modulating the functional integrity of HDL. This could be of particular importance, since thiocyanate, even at low physiologic concentrations, is reported to be the preferred substrate for MPO (7;34) .
In this study, we conducted liquid chromatography tandem mass spectrometry (LC-MS/MS) to demonstrate that carbamyllysine levels were markedly elevated in HDL isolated from human atherosclerotic tissue of subjects free of renal disease. We observed that less than one carbamyllysine residue per HDL-associated apoA-I was sufficient to induce cholesterol accumulation in macrophages through a pathway involving scavenger receptor class B, type 1 (SR-BI). Overall, our observations raise the possibility that OCN − promotes human atherogenesis by promoting macrophage cholesterol accumulation.
Material and Methods
RPMI1640, DMEM, fetal bovine serum (FBS) and penicillin/streptomycin (PS) were obtained from PAA (Pasching, Austria). Radiochemicals were purchased from Hartman Analytic (Braunschweig, Germany). Phorbol 12-myristate 13-acetate (PMA) was purchased from Merck (Darmstadt, Germany), homocitrulline (carbamyllysine) from Bachem (Weil am Rhein, Germany), 13 C 3 -homocitrulline from Ascent Scientific (Bristol, UK), 13 C 6 -3-chlorotyrosine from Polypeptide Group (Strasbourg, France), and L-α-phosphatidylcholine (PC) from Avanti Polar Lipids (Alabama, US). All other reagents were obtained from Sigma (Vienna, Austria) unless otherwise specified.
Isolation of HDL and apolipoprotein A-I (apoA-I)
For HDL isolation, plasma density from normolipidemic blood donors was adjusted with KBr to 1.24 g/ml. Afterwards a two-step density gradient was generated in centrifuge tubes (16 × 76 mm, Beckman) by layering the density-adjusted plasma (1.24 g/ml) underneath a KBr-density solution (1.063 g/ml). Tubes were sealed and centrifuged at 90.000rpm for 4 hours in a 90TI fixed angle rotor (Beckman Instruments, Krefeld, Germany). After centrifugation, the clearly separated HDL-containing band was collected, desalted via a PD10 column (GE Healthcare, Vienna, Austria) and immediately used for experiments. ApoA-I was isolated as described previously (17) .
Preparation of reconstituted HDL
Discoidal reconstituted HDL (rHDL) containing L-α-phosphatidylcholine (PC), free cholesterol (FC) and apoA-I were prepared using the cholate dialysis method (23). 3.29 μmol of PC was mixed with 13.9 nmol of free cholesterol (FC) and chloroform was evaporated under a stream of argon. Dried PC/FC was resuspendend during vortexing by drop wise addition of ~200 μl sodium-cholate (10% solution in 0.2 mol/L potassium phosphate buffer, pH 7.4) to achieve a clear solution. Afterwards, 559.2 μl apoA-I (3.29 nmol in 0.2 mol/L potassium phosphate buffer, pH 7.4) was drop wise added and the solution was vortexed twice for 30 seconds. The resulting solution was extensively dialyzed against PBS under argon at 4°C.
Carbamylation of HDL, rHDL and apoA-I
HDL, rHDL or lipid free apoA-I (1 mg protein/ml) were carbamylated with potassium cyanate (1 mmol/L up to 10 mmol/L) in phosphate buffered saline (pH 7.4) containing 100 μmol/L diethylenetriaminepentaacetic acid (DTPA) for 4 hours at 37 °C. Control HDL was incubated under same conditions in the absence of potassium cyanate. The carbamyllysine content was assessed by LC-MS/MS, which confirmed that a relevant degree of protein carbamylation was present.
(0.51 up to 5.27 HCit/apoA-I). All modified HDL preparations were passed through a PD10 column to remove unreacted reagents and used immediately for experiments.
Phospholipid analysis
Lipids were extracted with methyl-tert-butyl ether (22) , resuspended in 100 μl CHCl 3 / MeOH 1:1 and 100 pmol 12:0/13:0 PE was added as an internal standard. Chromatography was performed using Accela UHPLC (Thermo Scientific, Vienna, Austria) equipped with a Thermo Hypersil GOLD C18, 100 × 1 mm, 1.9 μm column. Solvent A was water with 1% ammonia acetate and 0.1% formic acid, and solvent B was acetonitrile/2-propanol 5:2 with 1% ammonia acetate and 0.1% formic acid. The gradient ran from 35% to 70% B in 4 min, then to 100% B in another 16 min where it was held for 10min. The flow rate was 250 μl/ min. Phospholipids were determined by a TSQ Quantum Ultra (Thermo Scientific) in positive ESI mode. Total phosphatidylcholine was detected in a precursor ion scan on m/z 184 at 30 eV and phosphatidylethanolamine was detected with a neutral loss scan on mass 141 at 25 eV.
Measurement of lipoprotein hydroperoxide content
Conjugated dienes develop in lipoproteins through the oxidation of polyunsaturated fatty acids with isolated double bonds to polyunsaturated fatty acid hydroperoxides with conjugated double bonds (= dienes). The formation of conjugated dienes can be monitored by an increase in UV-absorption at 234 nm. Baseline absorption of native HDL was determined and compared to absorption of HDL after carbamylation.
Sources of human tissue
Aorta abdominalis of 15 subjects who died of cerebral haemorrhage were harvested during multi-organ procurement according to a protocol that had been approved by the Ethics Committee of the Medical University of Graz. The harvested arteries were snap-frozen and stored in liquid nitrogen for further analysis. The subjects were 61.4 +/− 15.2 years old with normal total cholesterol (< 180 mg/dl) and no increase in plasma urea (< 45 mg/dl). The morphology of the aortas investigated ranged from thickened intima up to pronounced atheroma containing calcium inclusions. The morphology of the aortas was classified according to previously described methodology (30) .
Isolation of HDL-like particles from atherosclerotic lesions
HDL-or LDL-like particles were isolated from human arteries as previously described (4) with modifications. Briefly, the tissue was frozen, pulverized and suspended in 2 ml extraction buffer (0.15 mol/L NaCl, 100 μmol/L DTPA, 100 μmol/L butylated hydroxyl toluene, protease inhibitor cocktail (Sigma), 10 mmol/L Na 3 PO 4 , pH 7.4 and incubated overnight with gently shaking. Tissue was pelleted by centrifugation, the supernatant collected, and the pellet extracted a second time with 1 ml extraction buffer for 1 hour. The supernatants were pooled and used for isolation of lipoprotein-like particles (HDL, LDL) by sequential density gradient ultracentrifugation. Following centrifugation, HDL was purified with a polyclonal anti-apoA-I and LDL with a polyclonal anti-apoB antibody bound to magnetic bead reagent (Dynabeads, Invitrogen, Lofer, Austria) according to the manufacturers instructions. ApoA-I was identified as the main component of lesion-derived HDL by silver staining and by LC-MS/MS analysis and apoB-100 by silver staining and subsequent Western blot immunodetection with a monoclonal anti-apoB antibody.
Homocitrulline, 3-chlorotyrosine and amino acid quantification
Protein samples were hydrolyzed with a high-throughput low-volume hydrolysis method as described previously (6) . Briefly, protein samples (3 to 20 μg) were placed into Qsert vials (Waters, Vienna) and 10 μl internal standard was added (containing 10 ng 13 C 6 -HCit, 10 ng 13 C 6 -3-CT, 0.3 μg 13 C 6 -tyrosine and 1 μg 13 C 6 -lysine). Hydrobromic acid with 0.25% phenol was added to a final concentration of 6 N, vials were flushed with argon, sealed and Europe PMC Funders Author Manuscripts hydrolyzed at 160°C for 5 min. Afterwards, hydrobromic acid was evaporated in a speedvac. Protein hydrolysates were suspendend in 100 μl 0.2 mol/L Li-Citrat buffer (pH 2.8) and derivatized with the EZ:faast Kit (Phenomenex, Aschaffenburg, Germany) according to the manufacturers instructions.
Electrospray ionization tandem mass spectrometry (LC-MS/MS) with online HPLC was used for quantification of HCit and lysine. Calibrations curves were prepared by using varying amino acids and HCit levels with fixed amounts of internal standards. The calibration curves had a linearity range from 50 pg -100 ng for HCit and 3-CT (R 2 : 0.998 and R 2 : 0.999) and from 100 ng -3 μg for lysine and tyrosine (R 2 : 0.997 and R 2 : 0.998).
The HPLC column (250×4 mm, AAA-MS HPLC column, Phenomenex, Aschaffenburg, Germany) was equilibrated for 15 min with 100% solvent A at 35°C. Solvent A was 10 mmol/L ammonium formiate in water and solvent B was 10 mmol/L ammounium formiate in methanol. After equilibration, the sample (10 μl) was injected onto the HPLC column at a flow rate of 0.25 ml/min. Compounds were eluted with a discontinuous gradient starting with 83% solvent B for 13 min followed by 68% of solvent B for 4 min. The HPLC column effluent was introduced into an API 200 triple quadrupole mass spectrometer. Ions were generated by electrospray ionization in the positive-ion mode with multiple reactions monitoring of parent and characteristic daughter ions. Following transitions were monitored indicated by their mass-to-charge ratio (m/z): m/z 318→127 for HCit; m/z 324→132 for 13 C 6 -HCit; m/z 430→170 for 3-CT; m/z 436→176 for 13 C 6 -3-CT; m/z 361→170 for lysine; m/z 367→175 for 13 C 6 -lysine; m/z 396→136 for tyrosine; m/z 402→142 for 13 C 6 -tyrosine. Following mass spectrometry analysis, the generated calibration curves were used to quantify HCit, 3-CT, tyrosine and lysine.
Cell culture
Human monocytic THP-1 cell line was maintained in RPMI 1640 medium while murine RAW264.7 macrophages were maintained in DMEM, both media being supplemented with 2 mmol/L glutamine, 100 units/ml penicillin, 100 μg/ml streptomycin and 10% FBS. To induce differentiation, THP-1 cells were cultured for 48 hours in the presence of 100 nmol/L PMA.
Recombinant adenovirus preparation
Adenoviral vectors encoding human SR-BI (Ad/SR-BI) or LacZ cDNA (Ad/LacZ) were generated as described previously (17) .
Induction of SR-BI expression in THP-1 macrophages
THP-1 macrophages (3×10 6 cells) were plated on 6-well plates and differentiated with PMA (100 nM) for 48 hours. In initial experiments, cells were infected with adenoviral vectors encoding human SR-BI or LacZ with a multiplicity of infection (moi) ranging from 50 -500 for 1 hour, inducing moderate (50 moi), moderate to high (100 moi) and very high (500 moi) SR-BI expression. Infections were performed in the absence of serum followed by a medium change (RPMI 1640, 10% FBS) as described (17 
Association of lipoproteins to THP-1 cells
Binding studies of [ 125 I]-labeled lipoproteins to THP-1 cells were performed as described (20) . Total cholesterol accumulation in THP-1 macrophages was determined as described (21) . Each condition was measured in triplicates.
To assess neutral lipid accumulation, THP-1 macrophages were differentiated for 72 hours in RPMI1640 containing 3% lipoprotein-deficient serum. Cells were incubated with 200 μg/ ml lipoproteins for 48 hours and lipid droplets were stained in formaldehyde fixed cells with 1 μl/ml Bodipy.
Cholesterol efflux experiments
THP-1 macrophages were labeled with [ 3 H] cholesterol (1 μCi/ml) for 48 hours. After cholesterol loading, the cells were rinsed twice with Tris-buffered saline (TBS) containing 5% (wt/vol) BSA and twice with TBS. Efflux experiments were initiated by the addition of HDL, or carbamylated HDL in DMEM without FBS. Two hours later, the medium was collected and radioactivity was counted. Cells were rinsed and lysed to estimate both, the cellular protein content and cell-associated radioactivity. Efflux of the radioactive label into the medium was calculated as percentage of radioactivity associated with cells before the addition of the indicated cholesterol acceptors.
SDS-Page and Western blotting
SDS-Page for protein separation and protein transfer to nitrocellulose membranes for Western blotting were performed as described previously (20)
Statistical analysis
Statistical analyses were performed using PASW Software V.18. Mean values of 2 independent groups were compared with the Mann-Whitney U-test (for non-parametric data) or 2-tailed student's t-test (for parametric data). Comparisons of 2 dependent groups were performed using the Wilcoxon signed-rank test. Significances were accepted at * p<0.05, ** p<0.01 and *** p<0.001.
Results

HDL isolated from human atherosclerotic lesions is enriched with carbamyllysine
To address whether MPO-derived OCN − specifically targets HDL in the vessel wall, HDL was isolated by sequential density gradient ultracentrifugation from human plasma and atherosclerotic tissue. HDL recovered from atherosclerotic tissue was further purified by immunoprecipitation using a monoclonal apoA-I antibody bound to magnetic bead reagent. The morphology of the aortas investigated ranged from thickened intima to pronounced atheroma containing calcium inclusions. Both, control and atherosclerotic subjects had normal total cholesterol and no increase in plasma urea (Supplemental Table 1 ). In order to determine the purity and composition of lesion derived HDL, HDL was subjected to LC-MS/MS analysis or separated by SDS-PAGE and visualized by silver staining. We detected mainly apoA-I, lower amounts of apoA-II and albumin followed by low levels of apoE and antitrypsin (Supplemental Fig. 1 ). Next, mass spectrometry analysis was performed to quantitatively assess the carbamyllysine content of HDL isolated from plasma and atherosclerotic lesions. To test whether MPO contributes to HDL carbamylation in vivo, the specific MPO oxidation product 3-chlorotyrosine was determined in parallel (9) . Measurement of 3-chlorotyrosine levels is currently the best method available for probing the MPO-mediated oxidation in the pathology of inflammatory diseases (38) . Mass spectrometry analysis showed that both, control and atherosclerotic subjects had comparable carbamyllysine levels in plasma HDL (Fig. 1A) . Remarkably, the carbamyllysine content of lesion-derived HDL was significantly higher in comparison with total lesion tissue or lesionderived LDL (isolated from the same atherosclerotic tissue) (Fig. 1B) . The carbamyllysine levels of lesion derived HDL were dependent on lesion severity and increased significantly from initial or moderate lesions (type I -type III) to advanced lesions (type IV-V) (Fig. 1B) . The 3-chlorotyrosine content of lesion derived HDL followed the trend observed for carbamyllysine (Fig. 1C) . However, 3-chlorotyrosine levels of lesion derived HDL were more than 20-fold lower when compared to the carbamyllysine content. This clearly indicates that protein carbamylation is a major post-translational modification of HDL in the vessel wall.
Correlation between carbamyllysine content of lesion-derived HDL and 3-chlorotyrosine levels
Both, carbamyllysine and 3-chlorotyrosine levels were increased in lesion derived HDL.
Further data analysis revealed a positive correlation between carbamyllysine and 3-chlorotyrosine levels in lesion-derived HDL ( Fig. 2A) , whereas the carbamyllysine content of LDL or total lesion tissue did not correlate with 3-chlorotyrosine levels (Fig. 2B, C) . Importantly, neither plasma urea concentration (Fig. 2D ) nor plasma lipid levels correlated with the carbamyllysine content of lesion derived HDL (Supplemental Table 2 ). These results implicate that MPO significantly contributes to HDL carbamylation in atherosclerotic lesions.
Increased binding affinity of carbamylated HDL to the HDL receptor SR-BI
A previous study had demonstrated that carbamylated epitopes co-localize with MPO in human atherosclerotic lesions (37) . These findings suggest that macrophage associated MPO generates OCN − , which subsequently reacts with HDL-associated apolipoproteins to generate carbamyllysine. Given that macrophages express high levels of the HDL receptor SR-BI in human atherosclerotic lesions (5;10;32), we hypothesized that carbamylation of apoA-I in the artery wall might modulate binding of HDL to SR-BI in macrophages.
To test this hypothesis, HDL was carbamylated with OCN − and the carbamyllysine content was assessed by LC-MS/MS, which confirmed that a relevant degree of protein carbamylation was present (0.57 and 5.25 HCit/apoA-I). Carbamylated HDL was separated by SDS-PAGE and visualized by silver staining, revealing that OCN − treatment did not induce crosslinking or degradation of apoA-I (Fig. 3A) . We also tested whether HDL associated phospholipids were modified upon OCN − treatment, since the primary amino group of phosphatidylethanolamine (PE), a minor fraction of HDL associated phospholipids (about 3% of total HDL phospholipids, 1-2 molecules PE per HDL) (8) , is prone to be modified by reactive aldehydes (28) . As seen in Figure 3B , total phospholipid content was not significantly altered in carbamylated HDL, whereas the PE content was significantly decreased. Importantly, OCN − treatment did not induce hydroperoxide formation, since no increase in UV-absorption was observed (Fig. 3C) .
In contrast to macrophages in atherosclerotic lesions, cultured macrophages generally express low levels of SR-BI (5;25). Therefore, we used a human monocytic leukemia macrophage cell line (THP-1), that can be infected by adenoviral vectors to induce SR-BI expression (Supplemental Fig. 2 ).
We first investigated whether OCN − induced HDL carbamylation could affect the binding properties of HDL to SR-BI expressing THP-1 cells. As seen in Figure 4A , SR-BI specifically mediated the binding of 125 I-labeled carbamylated HDL and 125 I-labeled native 
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To directly demonstrate that carbamyllysine formation in HDL associated apoA-I increases binding affinity to SR-BI, we prepared reconstituted HDL (rHDL) using human apoA-I and PC, an inert phospholipid. As seen in Figure 4B , binding affinity and capacity of rHDL to SR-BI increased after OCN − treatment (Table 1) . Moreover, already 2 carbamyllysine residues present on lipid-free apoA-I increased binding affinity to SR-BI more than 5-fold (Table 1) .
Carbamylated HDL-induced cholesterol accumulation in macrophages is SR-BI dependent
SR-BI mediates selective HDL cholesteryl-ester uptake by formation of a productive lipoprotein/receptor complex, which requires specific structural domains and conformation states of apoA-I (15). We hypothesized that increased binding of HDL through carbamylation might confer pro-atherosclerotic properties by inducing SR-BI dependent cholesterol accumulation in macrophages. Remarkably, HDL exposed to OCN − induced marked total cholesterol accumulation in SR-BI expressing THP-1 cells, but not in control cells (Fig. 5 A) . A recent study demonstrated that cholesterol efflux of human macrophages is dependent on SR-BI and ATP-binding cassette transporter A1 (ABCA1), but independent of ABCG1 (14) . Therefore, we tested whether OCN − modulates the ability of HDL to induce SR-BI and ABCA1 mediated cholesterol efflux from macrophages. Interestingly, carbamylation moderately, but significantly reduced the ability of HDL to promote SR-BI dependent cholesterol efflux (Fig. 5 B) , whereas cholesterol efflux of control cells was not altered. Lipid-poor apoA-I removes cellular cholesterol from macrophages exclusively by an active transport process mediated by ABCA1. The process appears to involve the amphipathic α-helical domains of apoA-I. Modification of lysine residues may alter the ability of lipid poor apoA-I to remove ABCA1 dependent cholesterol from lipid-laden macrophages (29) . However, carbamylation of apoA-I did not decrease ABCA1 mediated cholesterol efflux (Fig. 5 C) .
Carbamylated HDL induces SR-BI dependent lipid droplet formation in macrophages
The cholesterol uptake and efflux experiments indicate that carbamylation of HDL destabilizes the HDL/SR-BI mediated balance between cholesterol-uptake versus efflux, indicating that net cholesterol content of macrophages increases. Therefore, further assessment whether carbamylated HDL could induce lipid-droplet formation in macrophages was performed. A significant SR-BI-dependent lipid droplet formation was induced upon exposure of macrophages to carbamylated HDL for 48 hours (Fig. 6) .
Discussion
In the present study, we have provided evidence that HDL is a major target for carbamylation in human atherosclerotic lesions. First, HDL recovered from human atherosclerotic tissue showed a remarkable enrichment in apoA-I carbamyllysine content that increased from initial to advanced lesions. Second, the carbamyllysine content of lesion derived HDL was more than 20-fold higher when compared with 3-chlorotyrosine levels, a specific oxidation product of MPO. Third, the analyses of the HDL-, LDL-and total lesion tissue indicate that HDL is a selective target for carbamylation. Moreover, we observed that already less than one carbamyllysine per HDL associated apoA-I induced lipid droplet formation in macrophages by a pathway requiring SR-BI.
The marked enrichment in the carbamyllysine content of apoA-I in lesions that showed a correlation with the MPO product 3-chlorotyrosine strongly supports the notion that Europe PMC Funders Author Manuscripts macrophage associated MPO generates OCN − , which subsequently reacts with HDLassociated apolipoproteins to generate carbamyllysine. In line with our observation that MPO mediates carbamylation of HDL in the vessel wall, a previous study had demonstrated that carbamylated epitopes were found to extensively co-localize with MPO and macrophages in human atherosclerotic lesions (37) .
Another remarkable finding is that increasing levels of carbamyllysine present on HDL trigger lipid droplet formation in macrophages in an SR-BI dependent manner. Macrophages in human atherosclerotic lesions express high levels of SR-BI (5;10;32). The multiligand receptor SR-BI has been described to mediate (i) selective HDL cholesteryl-ester uptake, (ii) uptake of oxidized lipoproteins as well as (iii) secretion of cholesterol to high-density lipoproteins (13) . Interestingly, macrophage SR-BI in early stage lesions was shown to induce cholesterol accumulation, thereby triggering fatty streak development in mice (35) . In advanced lesions, macrophage SR-BI seems to be atheroprotective, at least in mice (35) .
In the present study, we made a novel observation that even a minimal carbamylation of HDL (about one lysine residues per apoA-I modified) modulated the interaction of HDL with macrophage SR-BI in a fashion that carbamylated HDL induced lipid droplet formation in macrophages. Our studies demonstrate for the first time that modification of HDL by OCN − destabilizes the HDL/SR-BI mediated balance between cholesterol-uptake versus efflux, resulting in net cholesterol uptake.
Several modified proteins that are being recognized by the multiligand receptor SR-BI hold in common a negative charge, suggesting that SR-BI recognizes the negative charge on proteins. Our findings indicate that modification of HDL-lysine residues by OCN − (leading to a decrease of positive charge) affects the interaction of HDL with SR-BI, consistent with the observation that oxidation of (lipo)proteins with hypochlorous acid (resulting in the oxidation of lysine residues), showed an increased binding affinity to SR-BI (16;19;21) .
Besides the important role of SR-BI in HDL-cholesterol transport, the HDL-SR-BI tandem confers additional actions. For instance, HDL binding to SR-BI protects endothelial cells from apoptosis (24) . Interestingly, exposure of bovine aortic endothelial cells to carbamylated HDL was recently shown to induce apoptosis (37), thus it is intriguing to speculate whether interaction of carbamylated HDL with endothelial SR-BI would induce apoptosis.
High concentrations of carbamylated LDL have been reported to accumulate in plasma of patients with chronic renal failure, indicating that carbamylated LDL is by far the most abundant modified LDL found in human plasma (2) . In line with that important study, we observed that the carbamyllysine content of plasma proteins of non-renal subjects correlated significantly with plasma urea concentrations (Supplemental Table 2 ). Thus it can be concluded, that plasma proteins are mainly carbamylated by urea derived cyanate. This may be of particular importance in end stage renal disease, where urea concentrations are dramatically high.
In summary, the results of this study raise the possibility that post-translational modification of HDL through carbamylation may promote atherogenesis by counteracting the established antiatherogenic effects of HDL. Carbamylation might critically impair anti-atherogenic properties of HDL in the atherosclerotic intima, thereby destabilizing the cellular balance between macrophage mediated cholesterol-uptake versus efflux, a critical step in the development of atherosclerosis. cholesterol acceptors for 2 h at 37°C. At the end of the experiment media and cells were separately collected, and efflux was determined as described in "Methods". 
